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The complete Trichoplusia ni ascovirus 2c (TnAV-2c) genome sequence was determined. The circular genome contains 174,059 bp with 165
open reading frames (ORFs) of greater than 180 bp and two major homologous regions (hrs). The genome is quite A+T rich at 64.6%. Fifty-four
ORFs had homologues in other insect viruses, such as ascoviruses, iridoviruses, baculoviruses and entomopoxviruses; 30 ORFs showed low
identities with those from different parasitic protozoa and 12 ORFs were unique to TnAV-2c. TnAV-2c has 15 ORFs that could be grouped into six
gene families. Three major conserved repeating sequences were identified and were interspersed in two regions. BLAST analyses revealed that
there were 16 enzymes involved in gene transcription, DNA replication, and nucleotide metabolism. TnAV-2c has 12 and 25 ORFs sharing high
identities with ascovirus and iridovirus homologues, respectively. The codon usage bias appears to be more similar to Spodoptera frugiperda
ascovirus 1a than to iridoviruses.
© 2006 Elsevier Inc. All rights reserved.Keywords: Ascovirus; Trichoplusia ni ascovirus 2c; Viral genome sequence; Viral genome organization; Repetitive sequences; Codon usage biasIntroduction
Ascoviruses (Ascoviridae) are a recently described group
that contains double-stranded DNA genome of 115–180 kb
(Federici et al., 1990b; Bigot et al., 1997a; Cheng et al., 1999).
They were first isolated in the late 70s and early 80s. Their
delayed discovery is attributed to the fact that the symptoms of
infection by ascoviruses are not very pronounced in the field
(Browning et al., 1982; Hamm et al., 1985, 1986; Federici et al.,
1990b). In agricultural fields, ascoviruses have been isolated
from economically important lepidopteran species such as H.
zea, Heliothis virescens, Spodoptera frugiperda and S. exigua
(Carner and Hudson, 1983; Hamm et al., 1985, 1986; Cheng et
al., 2005). In addition to lepidopteran ascoviruses, a hymenop-
teran ascovirus was isolated from Diadromus pulchellus
(Yponomeutidae) (Bigot et al., 1997b).☆ The sequences reported in this paper has been deposited in GenBank/NCBI
with the accession number DQ517337.
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doi:10.1016/j.virol.2006.06.029Isolates of ascoviruses were previously named following
the traditional scheme of using the host's name. For example,
ascovirus isolated from S. frugiperda was named SAV
(Federici et al., 1990b). However, this often caused problems
in the classification of ascoviruses, since most had a broad
host range. Based on multiple criteria, such as natural and
laboratory hosts, tissue tropism, virion morphology, restriction
fragment length polymorphism (RFLP) and gene sequence
analyses, four ascovirus species have been recognized by the
International Committee on Taxonomy of Viruses (ICTV).
These include Spodoptera frugiperda ascovirus 1 (SfAV-1),
Trichoplusia ni ascovirus 2 (TnAV-2), Heliothis virescens
ascovirus 3 (HvAV-3) and Diadromus pulchellus ascovirus 4
(DpAV-4) (Federici et al., 2000).
Ascovirus infection in permissive cells first causes invagina-
tion of the nuclear envelope and later dismantles the nuclear
envelope and the infected cell becomes nucleus-free (Federici,
1983; Federici et al., 1991; Cheng et al., 2000). One of the
unique features of infected larvae is the presence in the
hemolymph of vesicles packed with virions. The vesicles are
formed by the partitioning of the host cells in which the
Table 1
Predicted ORFs in TnAV-2c genome
TnAV-2c ORF Position aa a BLAST best match [NCBI_GI b] score (bits) Id%c Comments
1 1>3078 1026 Heliotis virescens ascovirus 3c [21668320] 875 43 Delta DNA polymerase
2 3164>5596 810 Giardia lamblia ATCC 50803 [29250753] 59.7 29 Variant-specific surface protein
3 5637>5930 97 Oryza sativa [14587218] 47.8 39 Ring finger 1-like protein
4 5986>6618 210 Entamoeba histolytica [56465742] 43.5 21 Kinesin family protein
5 6661>7059 132 Drosophila pseudoobscura [54645260] 35.8 38 GA16575-PA
6 7190>8986 598 Spodoptera exigua NPV [9634305] 57.8 26 SeNPV ORF84
7 9325>11,643 772 Spodoptera frugiperda ascovirus 1 [21668315] 119 28 Hypothetical protein
8 11,787>13,823 678 Spodoptera frugiperda ascovirus 1 [21668316] 122 37 Ribonuclease III
9 13,825>14,673 282 Leishmania major [68124512] 59.7 58 Hypothetical protein
10 14,982<15,389 135 Plasmodium yoelii yoelii [83315811] 38.5 28 Hypothetical protein
11 15,458<17,692 744 Plasmodium falciparum 3D7 [4493986] 38.5 20 Hypothetical protein
12 17,762>19,084 440 Plasmodium falciparum 3D7 [23497387] 43.5 34 Hypothetical protein
13 19,088>19,426 112 Marinobacter aquaeolei VT8 [77953264] 32.0 37 NADH dehydrogenase I chain L
14 19,465>19,986 173 Dictyostelium discoideum [66803422] 89.4 34 Hypothetical protein
15 19,986>20,219 77
16 20,292>20,486 64
17 20,569>21,705 378 Invertebrate iridescent virus 6 [15078994] 173 31 282R
18 22,055>22,828 257 Magnaporthe grisea 70–15 [39958547] 34.7 27 Hypothetical protein
19 23,126>23,398 90 Plasmodium chabaudi [56518872] 31.6 37 Hypothetical protein
20 23,476<24,345 289 Plasmodium yoelii yoelii [82596836] 40.4 20 Hypothetical protein PY05890
21 24,536<25,762 408 Amsacta moorei entomopoxvirus (AmEPV)
[9964423] 197
31 AMV109 hypothetical protein
22 25,982>26,437 151 Kluyveromyces lactis [39588930] 37.4 25 Hypothetical protein
23 26,573<27,889 438 Agrotis segetum GV [46309331] 75.1 25 ORF123, hypothetical protein
24 28,365<29,282 305 Nitrosomonas europaea [30180138] 38.1 28 Polymerase sigma subunits
25 29,347>29,832 161 Caenorhabditis briggsae [39598150] 35.4 24 Hypothetical protein CBG14804
26 29,936<30,976 346 Kluyveromyces lactis [50305125] 35.4 26 Hypothetical protein
27 31,317<32,093 258 Helicoverpa armigera NPV [18138388] 153 36 Bro-B
28 32,598<32,783 61
29 33,505>34,173 222 Clostridium bifermentans [2292820] 57.4 34 Aegerolysin, hemolysin-like protein
30 34,211<34,747 178 Mamestra configurata NPVA [33331788] 84.3 36 SprT, XE-2
31 34,849<35,358 169 Plasmodium yoelii yoelii [83315596] 41.2 24 Hypothetical protein PY02913
32 35,847<37,310 487 Homo sapiens [33946285] 58.2 36 RING domain, baculoviral IAP
repeat-containing 3
33 37,328<37,672 114 Burkholderia thailandensis E264 [83720038] 42.4 34 Metallo-beta-lactamase family protein
34 37,717>38,115 132 Rattus norvegicus [8393807] 43.5 24 Myosin heavy chain, polypeptide 7
35 38,232>38,864 210 Plasmodium chabaudi [50919195] 35.8 29 Conserved hypothetical protein
36 38,916<39,548 210 Giardia lamblia ATCC [71073432] 50.1 41 RING, hypothetical protein
37 39,520<40,044 174 Oceanicaulis alexandrii HTCC2633 [83945421] 33.1 57 Hypothetical protein
38 40,247<41,551 434 Plasmodium falciparum 3D7 [23509023] 38.5 21 Hypothetical protein
39 41,622>42,236 203 Plasmodium berghei strain ANKA [68075919] 37.0 32 Hypothetical protein
40 42,276>43,364 362 Plasmodium falciparum 3D7 [4493896] 47.8 24 Hypothetical protein, conserved
41 43,437<43,700 87 Trypanosoma brucei [25992512] 32.0 33 Histone acetyltransferase
42 43,881>46,382 833 Grouper iridovirus [56418272] 319 29 DNA-dependent RNA polymerase, 71L
43 46,379>49,312 977 Invertebrate iridescent virus 6 [15079007] 117 20 295L
44 49,497>49,754 85 Drosophila melanogaster [85725256] 33.9 31 CG34027-PA
45 49,957<50,196 79 Euglena gracilis [415790] 34.3 40 30S ribosomal protein S4
46 50,397<50,942 181 Schistosoma japonicum [56755413] 79.0 36 ELO, SJCHGC06698 protein
47 51,210>51,431 73
48 51,415>51,780 121 Gallus gallus [50731773] 32.3 25 Hypothetical protein
49 51,797>52,231 144 Haemophilus influenzae [2909665] 33.9 30 Putative haemocin processing protein
50 52,203>52,484 93
51 52,696>52,941 81 Invertebrate iridescent virus 6 [15079165] 40.0 25 454R
52 53,073>53,804 243 Magnetococcus [68246005] 36.6 31 ATP-binding region
53 53,860<54,510 216 Dictyostelium discoideum [66827053] 32.7 27 Hypothetical protein
54 54,620>55,234 204 Plasmodium falciparum 3D7 [23615199] 44.3 26 Hypothetical protein
55 55,506>55,745 79
56 56,065>56,514 149 Giardia lamblia [71073373] 57.4 45 Hypothetical protein
57 56,693<57,247 184 Cryptococcus neoformans [50254545] 38.5 28 Hypothetical protein
58 57,313>60,252 979 Invertebrate iridescent virus 6 [15078891] 177 30 CAP10, 179R
59 60,322<60,666 114 Invertebrate iridescent virus 6 [15079112] 53.1 35 HMG-box, 401R
60 60,787>61,434 215 Streptomyces coelicolor A3 [10241793] 34.7 28 Putative ABC transport system integral
membrane protein
61 61,549>62,184 211 Plasmodium berghei strain ANKA [68074813] 34.3 24 Hypothetical protein
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62 62,225<63,295 356 Acyrthosiphon pisum bacteriophage [9633556] 73.2 29 Putative cell wall hydrolase
63 63,392<63,745 117 Danio rerio [68362386] 42.4 30 Integrin beta-7 subunit
64 63,835<64,320 161 Entamoeba [993053] 34.3 27 GalNAc lectin heavy subunit
65 64,294>64,929 211 Microbulbifer degradans 2–40 [48862918] 36.6 26 Predicted exporters of the RND superfamily
66 64,926<65,351 141 Theileria annulata [65305314] 34.7 33 Cysteine repeat modular protein homologue
67 65,772<66,755 327 Invertebrate iridescent virus 6 [15079174] 94.7 27 Papatin, 463L
68 67,459>67,797 112 Xestia c-nigrum GV [9635274] 38.5 24 Hypothetical protein, ORF24
69 67,816>68,502 228 Plasmodium falciparum 3D7 [23497786] 35.0 32 Hypothetical protein PF14_0710
70 68,615<68,962 115 Dictyostelium discoideum [66813440] 35.8 31 Hypothetical protein DDB0204095
71 69,126>69,923 265 Zymomonas mobilis [56551205] 272 57 Adh, short chain dehydrogenase,
oxidoreductase
72 70,069<70,764 231 Tetraodon nigroviridis [47218121] 48.9 21 CASc, similar to Caspase-2 precursor
73 71,288<71,521 77
Hr1 71,521–72,582
74 72,581<73,843 420 Amsacta moorei entomopoxvirus [9964423] 185 32 Hypothetical protein, AMV109
75 73,938>74,891 317 Homo sapiens [29421212] 35.8 23 KIAA1997 protein
76 74,881>75,258 125 Plasmodium falciparum 3D7 [23497231] 38.1 29 Lysine-tRNA ligase, putative
77 75,342>78,155 937 Spodoptera frugiperda ascovirus 1 [21668308] 151 23 Putative myosine-like protein
78 78,456>81,596 1046 Invertebrate iridescent virus 6 [15078896] 206 30 Pox-05, 184R
79 81,711>83,078 455 Giardia lamblia ATCC 50803 [71078850] 50.4 46 RING, hypothetical protein
80 83,169<83,636 155 Danio rerio [31419000] 48.9 43 MOT2, hypothetical protein
81 83,658<84,809 383 Dictyostelium discoideum [66822505] 34.3 40 Transcription factor IIE
82 84,849>86,546 565 Plutella xylostella GV [11068110] 176 33 Viral helicase 1, PxORF107
83 86,700<86,924 74
84 86,962<87,762 266 Cotesia congregata virus [54109860] 133 37 Hypothetical protein, sfav1 homologue
85 87,891>89,978 695 Autographa californica NPV [9627829] 453 38 Polynucleotide kinase/ligase
86 90,053>90,403 116 Amsacta moorei EPV [9964507] 85.9 47 Protein phosphatase 1
87 90,441>90,848 135 Bombyx mori NPV [9630885] 98.6 46 GIY-YIG, hypothetical protein
88 90,875>92,641 588 Spodoptera frugiperda ascovirus 1 [21668311] 368 50 Stkc, hypothetical protein
89 92,827<93,636 269 Aedes aegypti [15638625] 392 84 RNR2, ribonucleotide reductase 2
90 93,727>94,362 211 Rachiplusia ou NPV [23577919] 70.9 31 Hypothetical protein
91 94,722<95,264 180 Invertebrate iridescent virus 6 [15079084] 35.4 24 373L, oligopeptidase A
92 95,331>96,749 472 Melanoplus sanguinipes EPV [9631443] 79.7 21 RING, MSV027
93 96,822<97,373 183 Invertebrate iridescent virus 6 [15079067] 95.1 33 CPDc, 355R
94 97,445>98,185 246 Helicobacter hepaticus [32261896] 36.6 25 Hypothetical protein
95 98,171<99,109 312 Heliotis virescens ascovirus 3c [21668322] 307 61 ATPase3
96 99,344<100,852 502 Staphylococcus aureus [49245876] 46.6 19 Putative cell wall-anchored protein
97 100,917<101,186 89 Ashbya gossypii [44983182] 34.3 36 AEL320Wp
98 101,218<102,198 326 Oryza sativa [53749375] 66.2 25 PIsC, putative 1-acylglycerol-3-phosphate
acyltransferase
99 102,282<102,539 85 Singapore grouper iridovirus [42517434] 75.5 68 Zinc finger, transcription elongation
factor TFIIS
100 102,514<103,476 320 Invertebrate iridescent virus 6 [15079062] 52.0 28 350L
101 103,508<104,593 361 Entamoeba histolytica [56472851] 35.8 38 Hypothetical protein
102 104,643>106,172 509 Invertebrate iridescent virus 6 [15079072] 173 32 CathepsinB, 361L
103 106,629>107,267 212 Homo sapiens [30354488] 42.7 25 TXNDC5 protein
104 107,311<108,225 304 Spodoptera litura NPV [15617525] 40.8 28 Apoptotic suppressor protein
105 108,279>108,761 160 Adoxophyes honmai NPV [29567165] 86.7 31 OUT, capsid protein P80
106 108,799<109,176 125
107 109,445<110,371 308 Pseudomonas aeruginosa PAO1 [9950346] 48.9 35 Hypothetical protein
108 110,445<110,633 62
109 110,647<110,901 84
110 110,916<112,277 453 Invertebrate iridescent virus 6 [15079055] 155 28 RNA polymerase II, 343L
111 112,345>112,698 117 Photobacterium leiognathi [2407666] 34.7 52 Pyruvate kinase I
112 112,763>113,995 410 Lymphocystis disease virus 1 [13358436] 95.5 27 XPG, Putative XPG/RAD2-type nuclease
113 114,067<115,416 449 Spodoptera frugiperda ascovirus 1 [21668303] 135 33 047L homlogue
114 115,505<116,509 334 Mycoplasma hyopneumoniae [54020429] 36.2 23 Hypothetical protein
115 116,576<117,946 456 Invertebrate iridescent virus 6 [15078921] 82.0 23 209R
116 117,933<118,511 192 Vibrio vulnificus YJ016 [37200278] 35.4 25 1;4-alpha-glucan branching enzyme
117 118,750<119,238 162 Nitrosomonas europaea [30139286] 38.5 23 Restriction modification system
118 119,241<119,921 226 African swine fever virus [16905410] 57.8 33 RNA polymerase subunit~putative
119 120,020>120,283 98 Frankia [68229995] 34.3 29 Iron-containing alcohol
Dehydrogenase
120 120,608<121,057 149 Caenorhabditis elegans [3880180] 33.9 37 Hypothetical protein T25B9.4
(continued on next page)
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121 121,099>122,241 380 Invertebrate iridescent virus 6 [15078956] 181 36 Metallophos; 244L
122 122,308>123,474 388 Antigen PKX101 [1407697] 37.7 22 Antigen PKX101
123 123,494>123,796 100
124 123,902>124,657 251 Saccharomyces cerevisiae [5241] 38.1 27 FUN20
125 124,630<126,117 495 Invertebrate iridescent virus 6 [15078780] 42.7 25 067R
126 126,421<127,320 299 Invertebrate iridescent virus 6 [15078966] 66.2 26 254L
127 127,322>127,543 73 Plasmodium yoelii yoelii [88314808] 32.3 32 Hypothetical protein
128 127,375<127,614 79 Eremothecium gossypii [45185438] 32.0 44 ABR206Wp
129 127,589<128,251 220 Invertebrate iridescent virus 6 [15079050] 56.6 37 337L
130 128,321<128,797 158 Plasmodium yoelii yoelii [82704920] 38.1 27 Hypothetical protein PY06156
131 128,940<129,362 140 Saccharomyces cerevisiae [1360354] 33.5 34 Unnamed protein product
132 129,561<130,664 367 Drosophila melanogaster [24654280] 154 39 Lipase, CG6472-PA
133 130,598>131,389 263 Xestia c-nigrum GV [9635287] 43.5 26 ORF37
134 131,407<132,300 297 Helicobacter pylori J99 [4155035] 37.7 25 Cytotoxicity-associated immunodominant antigen
135 132,705>133,484 259 Croceibacter atlanticus [83856916] 53.9 29 S1/P1 Nuclease
136 133,650>134,141 163 Candida albicans [68465585] 35.4 32 Hypothetical protein
137 134,357>135,310 317 Heliocoverpa armigera NPV [12597545] 250 73 BRO-N, bro
Hr2 135,310–137,788
138 136,789<140,271 1160 Invertebrate iridescent virus 6 [15079139] 468 34 RNA polymerase, 428L
139 140,321>140,791 156
140 140,850>141,428 192 Entamoeba histolytica HM-1:IMSS [56466908] 52.4 23 Hypothetical protein
141 141,534>143,480 648 Singapore grouper iridovirus [42517388] 78.6 24 Hypothetical protein
142 143,672>144,904 410 Plasmodium falciparum 3D7 [23509080] 48.9 19 Hypothetical protein
143 145,129<145,650 173 Clostridium thermocellum [67874608] 35.8 61 Protein splicing (intein) site
144 145,654<146,706 350 Pseudomonas aeruginosa AO1 [9950346] 47.4 36 Hypothetical protein PA4141
145 146,777<148,219 480 Spodoptera frugiperda ascovirus 1 [21668306] 238 33 Major capsid protein
146 148,284>148,943 219 Spodoptera frugiperda ascovirus 1 [21668305] 104 30 DNK, thymidine kinase
147 149,007>153,452 1483 Dictyostelium discoideum [66803542] 210 21 Viral A-type inclusion protein repeat
148 153,532>154,332 266 Magnetospirillum magneticum [82947982] 37.7 32 Integrase
149 154,380>155,081 233 Carboxydothermus hydrogenoformans [77996864] 35 42 Molybdopterin oxidoreductase
150 155,083>155,769 228 Debaryomyces hansenii [49653726] 35.4 20 Hypothetical protein
151 155,849<156,370 173 Clostridium thermocellum [67874608] 35.8 61 Protein splicing (intein) site
152 156,374<157,426 350 Pseudomonas aeruginosa [9950346] 47.4 36 Hypothetical protein
153 157,497<158,939 480 Spodoptera frugiperda ascovirus 1 [21668306] 238 33 MCP, major capsid protein
154 159,004>159,663 219 Spodoptera frugiperda ascovirus 1 [21668305] 104 30 DNK; thymidine kinase
155 159,627<160,439 270 Clostridium acetobutylicum [15025642] 43.1 26 Membrane associated methyl-chemotaxis protein
156 160,453>161,130 225 Arabidopsis thaliana [11072024] 33.1 28 F12A21.19
157 161,187<162,710 507 Spodoptera frugiperda ascovirus 1 [21668313] 110 39 O48L homologue
158 163,411<164,916 501 Phthorimaea operculella GV [21686706] 131 31 Metalloproteinase MP-NASE
159 165,003<165,742 245 Caenorhabditis briggsae [39586844] 33.9 28 Hypothetical protein
160 165,916<166,779 287 Xestia c-nigrum GV [9635323] 40.0 25 XcGVORF73
161 167,251>170,175 974 Invertebrate iridescent virus 6 [15078735] 268 30 DEAD-like helicases superfamily, 022L
162 170,126>171,184 352 Pseudomonas aeruginosa [9950346] 45.8 33 Hypothetical protein
163 171,258<171,545 95
164 171,559<172,272 237 Clostridium tetani E88 [28202649] 36.2 33 Putative S-layer protein
165 172,752<173,813 353 Helicoverpa armigera NPV [15426320] 507 72 Bro-n, bro-a
a The length of amino acid.
b NCBI_GI: protein GenBank ID to be displayed in BLAST output for protein sequence retrieval.
c Identity of the amino acid.
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tion of the mechanism of cell cleavage by ascovirus indicated
that a viral-encoded caspase in SfAV-1a plays a role (Federici et
al., 1991; Bideshi et al., 2005). Another interesting feature of
ascovirus replication in insect cells is the presence of a
virogenic stroma in the cell but viruses are not associated
with it. Instead, the viral morphogenesis takes place in the
cytoplasm (Carner and Hudson, 1983; Cheng et al., 2000).
It has been theorized that ascoviruses evolved from
iridoviruses because of their extensively shared protein
homologues (Stasiak et al., 2003). Several reports suggestedthat the SfAV-1 evolved earlier than TnAV-2/HvAV-3 but a
recently reported ascovirus isolated from H. zea (TnAV-2c)
suggested it evolved earlier than SfAV-1 based on major capsid
protein (MCP) and DNA polymerase gene sequence phyloge-
netic analyses (Stasiak et al., 2003; Cheng et al., 2005). To have
a better understanding of ascovirus biology related to its
infection process, control of gene expression and evolutionary
strategies, we have decided to sequence the entire genome of
TnAV-2c. In this paper, we described the entire genome
sequence and organization of TnAV-2c as a prelude for future
functional genomic studies.
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General organization
The TnAV-2c genome was assembled into a circular
contiguous sequence of 174,059 bp, which was in good
agreement with the previous estimate of 180 kb based on the
restriction endonuclease (REN) fragment analyses (Cheng et
al., 2005). The genome sequences were validated by six RENs
to assess the sequence quality. Predicted restriction fragments
and experimental restriction patterns matched very well except
that the largest 40.5 kb BamHI fragment showed an additional
BamHI site in the assembled sequence fragment which sep-
arated the 40.5 kb into two fragments of 29.8 and 10.7 kb. The
internal BamHI site in the 40.5 kb insert in pINDIGO536
plasmid (Bac40.5) was not cleavable by BamHI when the
Bac40.5 plasmid was extracted from DH10B E. coli hostFig. 1. The circular map of the TnAV-2c genome. The center circle shows a scale in k
shows the positions and directions of transcription of putative ORFs. The solid blacstrain (Invitrogen). It is likely that this internal BamHI site
of the 40.5 kb BamHI fragment in TnAV-2c DNA either
harvested from insects or from E. coli was sensitive to
methylation. We have not yet experimentally demonstrated
this site-specific methylation in the TnAV-2c genome but it
was reported that ascovirus genomes were methylated (Bigot
et al., 2000). The G+C content of the genome was 35.4%, and
it was close to that of Chilo iridescent virus (CIV, 30.42%)
(Jakob et al., 2001). The position, the length and the best
match with GenBank database were listed in Table 1 and Fig. 1.
The results showed that 99% TnAV-2c ORFs were not
overlapping. The coding region (150,306 bp) accounted for
86.35% of the total sequence. Among the identified 165 ORFs,
23 ORFs had the highest BLAST hits with iridovirus homo-
logues; 15 and 12 ORFs had the highest hits with baculovirus
and ascovirus homologues, respectively. There were 30 ORFs
which shared low similarities with parasitic protozoa homo-ilobase pairs (kbs) and all restriction sites for PstI endonuclease. The outer circle
k squares indicate the positions of hrs.
Table 3
TnAV-2c gene families
Gene family TnAV-2c ORF aa Homologue
mcp gene ORF145, ORF153 480 Major capsid protein
unkown ORF143, ORF151 173 Clostridium thermocellum:
Protein splicing (intein) site
dnk gene ORF146, ORF154 219 Thymidine kinase
Bro gene ORF27 258 Helicoverpa armigera SNPV, Bro-B
ORF137 341 Heliocoverpa armigera NPV, BRO-N
ORF165 353 Helicoverpa armigera NPV, bro-a
AMV109 ORF21 408 AMV109
ORF74 420 AMV109
PAO1 ORF107 308 Pseudomonas aeruginosa PAO1
ORF144 350 Pseudomonas aeruginosa PAO1
ORF152 350 Pseudomonas aeruginosa PAO1
ORF162 352 Pseudomonas aeruginosa PAO1
172 L. Wang et al. / Virology 354 (2006) 167–177logues, and 12 ORFs were unique which had no matches in
GenBank database (April, 2006). In addition, two homologous
regions (hrs) were identified in the genome, and three major
repeated stretches were interspersed in the two hrs.
The average G+C contents of four ascoviruses and CIV
were estimated from five different genes from each virus
(Table 2). TnAV-2c had 35.36% G+C content which was
lower than that of SfAV-1a (50.68%) and HvAV-3c (46.69%),
but it was close to that of CIV (30.42%). Variation of G+C
contents among different species is also present in other virus
families such as Iridoviridae and Poxviridae. For example, in
Poxviridae, the G+C contents of Amsacta moorei entomo-
poxvirus (AmEPV), Melanoplus sanguinipes entomopoxvirus
(MsEPV) and Vaccinia are 17.8%, 18.3% and 33.4%, res-
pectively (Bawden et al., 2000; Afonso et al., 1999; Goebel
et al., 1990); in Iridoviridae, the G+C contents of CIV, ATV,
TFV, GIV, LCDV and SKNV are 29%, 54%, 55%, 49%, 29%
and 55%, respectively (Tsai et al., 2005).
Multigene families
One of the most important features was the presence of
multigene families (MGFs) in the TnAV-2c genome. MGFs
occur in large dsDNA viruses, and they were composed of
related repeated ORFs dispersed within the genome. Those
viruses included species of Asfarviridae (Zsak et al., 2001),
baculoviruses (Gomi et al., 1999), entomopoxviruses (Bawden
et al., 2000) and herpesvirus (Gompels et al., 1995). TnAV-2c
was found to encode 15 ORFs which could be divided into six
gene families (Table 3).
Major capsid protein (MCP) gene is one of the studied genes
in ascovirus. There were two ORFs coding the mcp gene in
TnAV-2c genome ORF145 and ORF153, and the amino acid
sequences shared 100% identity with each other. This was
unusual in multigene families. The same phenomenon occurred
in AmEPV gene family (AMV176 family) (Bawden et al.,
2000). The results of BamHI library sequencing showed that
there was a BamHI site in mcp ORF (530 bp from translation
start codon ATG), and the major parts of the mcp gene located
in two different clones (10.7 kb and 10.0 kb) in TnAV-2c
BamHI library (Cheng et al., 2003). The mechanism of the mcpTable 2
GC-content of each gene and average GC-content of each virus
SfAV-1a TnAV-2c HvAV-3c DpAV-4a CIVa
DNA pol 52.93% 37.96% 45.71% 47.40% 27.75%
mcp 52.08% 37.71% 48.28% 50.94% 39.04%
ATPase 49.99% 34.92% 43.86% N.A. b 29.20%
tk 52.75% 31.38% 48.92% 44.93% 27.37%
RNaseIII 45.65% 34.81% N.A. 53.37% 28.74%
Average G+C 50.68% 35.36% 46.69% 49.16% 30.42%
GenBank accession no.: SFAV-1a: DNA pol: AJ279828; mcp and tk:
AJ312690; ATPase: AJ312695; RNase III: AJ312694. HvAV-3c: DNA pol:
AJ312996; mcp and tk: AJ312704); ATPase :AJ312698. DpAV-4a: DNA pol
and RNase III:AJ279812; mcp:AJ312705; tk:AJ312706. CIV:AF303741.
a Invertebrate iridescent virus 6.
b Data not available.duplication was unknown since no ascovirus genome had been
fully sequenced before the one being reported here. On the other
hand, previous phylogenetic analysis revealed that the TnAV-2c
MCP amino acid sequence was very different from other asco-
virus homologues (Cheng et al., 2005).
The second multigene family was thymidine kinase gene (tk
gene) ORF146 and ORF154. Their putative amino acid se-
quences were also identical, and they were adjacent to mcp gene
(ORF145 and ORF153) in the genome (Fig. 1). Moreover, the
genome context of TnAV-2c in this region exhibited some
similarities to other ascoviruses. The mcp and tk genes were
adjacent and the orientation of the ORFs was opposite in all
TnAV-2c, SfAV-1a and HvAV-3a genomes (GenBank accession
number: AJ312704, AJ312690; Fig. 1).
Baculovirus repeated open reading frame (bro) was found in
certain large dsDNA viruses and bacteriophages (Bideshi et al.,
2003). TnAV-2c genome had three bro homologues, ORF27,
ORF137 and ORF165, and all had significant identities with
their homologues (identities: 36%, 73% and 78%, covering
242aa, 173aa and 353aa, respectively; Table 1). The function of
BRO proteins in a viral genome could mediate specific virus–
host interaction during virus pathogenesis and might also be
host dependent (Bideshi et al., 2003). In BmNPV, it has been
reported that BRO proteins can interact with core histones and
are involved in nucleosome structures in nuclei of infected cells
(Zemskov et al., 2000; Kang et al., 2003). The role of bro in
ascovirus remains to be elucidated.
The fourth gene family was AMV109 family. In the TnAV-2c
genome, ORF21 and ORF74 shared 31% and 32% identities to
AMV109, respectively, but their putative amino acid sequence
shared low similarity (12.7%) with each other (Table 3). In the
AMV genome, the AMV109 does not belong to any multigene
family; it only had high identity to XcGV ORF22 (Bawden et
al., 2000; Hayakawa et al., 1999).
Fifth gene family consisted of four ORFs: ORF107,
ORF144, ORF152 and ORF162. All of their amino acid
sequences showed low identities to one hypothetical protein
(NCBI _GI: 9950346) in Pseudomonas aeruginosa PAO1.
ORF144 and ORF152 shared 100% amino acid identity each
other, but they had low identities to ORF107 and ORF162
(Table 3).
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In the TnAV-2c genome, there were 16 ORFs that showed
extensive homologies with enzymes involved in transcription,
replication and nucleotide metabolism (Table 4).
The most significant homologue was ORF89, which shared
84% amino acid identity to ribonucleotide reductase 2 (RNR2)
of mosquito Aedes aegypti, covering 256 amino acids. The
ribonucleotide reductase reduces ribonucleotides into deoxyr-
ibonucleotides as essential precursors of DNA synthesis (Xu et
al., 2006). In yeast, RNR2 binds RNR1 through its C-terminal
residues (Chabes et al., 1999). Most large DNA viruses have
this homologue (Table 4). However, TnAV-2c genome lacked
another subunit of the ribonucleotide reductase (rnr1) (Table 4;
Tidona and Darai, 2000).
DNA polymerase, the key component of the replication
machinery, is one of the best-studied enzymes in large dsDNA
viruses. Phylogenetic analyses using DNA polymerases from
different ascoviruses showed that the ascovirus family was
composed of two genera, one consisting of the ascoviruses that
infect noctuids, SfAV-1, TnAV-2 and HvAV-3, and the other
containing a single species DpAV-4 infecting both hymenop-
teran and lepidopteran hosts (Stasiak et al., 2000). The recent
phylogenetic analyses suggested that TnAV-2c DNA polymer-Table 4
TnAV-2c homologues of enzymes involved in nucleotide metabolism
ORF
name
Enzymes name Size
(amino
acids)
MW
(kDa)
Homologues in other
large dsDNA viruses
infecting eukaryotes
ORF1 DNA polymerase 1026 117 Asfarviridae, Baculoviridae,
Poxviridae
Herpesviridae, Iridoviridae,
phycodnavirae
ORF8 Ribonuclease III 678 77 Iridoviridae, phycodnavirae
ORF30 Transcription
elongation
178 21 Baculoviridae
ORF42 DNA-dependent RNA
polymerase subunit II
833 93 Asfarviridae, Iridoviridae,
Poxviridae
ORF82 Helicase 1 565 63.5 Baculoviridae, Iridoviridae
ORF85 Polynucleotide
kinase/ligase
695 82 Baculoviridae
ORF89 Ribonucleotide
reductase 2
269 31 Asfarviridae, Baculoviridae,
Poxviridae
Herpesviridae, Iridoviridae,
phycodnavirae
ORF95 ATPase3 312 35.5 Iridoviridae, phycodnavirae
ORF99 Transcription
elongation factor TFIIS
85 9.7 Iridoviridae
ORF110 DNA-dependent RNA
polymerase subunit II
453 52 Asfarviridae, Iridoviridae,
Poxviridae
ORF112 RAD2-type nuclease 410 47 Iridoviridae
ORF118 RNA polymerase 226 27 Asfarviridae, Iridoviridae,
Poxviridae
ORF135 S1/P1 nuclease 259 30 N/A a
ORF138 DNA-dependent RNA
polymerase subunit II
1160 129 Asfarviridae, Iridoviridae,
Poxviridae
ORF146/
154
Thymidine kinase 219 25 Asfarviridae, Iridoviridae,
phycodnavirae
ORF161 DEAD-like helicase 974 111 Iridoviridae,
entomopoxviridae
a Not available.ase was distantly related to other lepidopteran ascoviruses and
seemed to have evolved earlier than the rest of the lepidoteran
ascoviruses such as SfAV-1 (Cheng et al., 2005).
DNA-dependent RNA polymerase (DdRP) is an essential
enzyme for large dsDNA viruses, and it has been reported from
a variety of poxviruses (Moss, 1990), African swine fever vi-
rus (Yanez et al., 1993), CIV (Schnitzler et al., 1994) and
entomopoxviruses (Bawden et al., 2000). RNA polymerase II
contains 12 subunits, and the two largest subunits (Rpb1 and
Rpb2) carry the catalytic activity of the enzyme and share
sequence homologies (Coulombe and Langelier, 2005). In
TnAV-2c genome, ORF42 had 29% identity to DdRP Rpb1 of
the Grouper iridovirus (GIV) covering 815 amino acids.
Domain search showed that ORF42 contained three complete
domains: domain1, domain 3 of Rpb1, subunit A N-terminus
domain (RPOLA_N) and two parts of Rpb1 domains (domain 4
and domain 5). Amino acid sequence of ORF42 aligned very
well (97.8% of 808 amino acids) with bacterial product of RpoC
(beta' subunit) (GenBank protein GI:14278335), but the
identity was low (10.6%). BLAST showed that the product of
ORF42 was more closely related to the eukaryotic DdRP than to
the DdRP of other eukaryotic viruses. ORF110, the second
DdRP homologue in TnAV-2c, was a homologue of 343L of
CIV, and it shared 28% amino acid identity with each other
covering 388 amino acids. ORF 110 had high amino acid
similarity with the C-terminus of DdRP largest subunit of Sin-
gapore iridovirus (aa identity 25%). The amino acid sequence
of ORF110 contained two parts of Rpb1 domain 5. The third
DdRP homologue was ORF138, which encoded Rpb2 of DdRP.
Domain search showed that the ORF138 had two entire
domains of DdRP Rpb2: domains 6 and 7 and parts of domain
1. The domain Rpb2_1 appeared truncated as compared to the
homologous protein from other organisms, and it displayed low
similarity. In all the conserved domains of RdRP, RPOL_Awas
the most conserved one shared by other DdRPs. Multiple
alignments of the RPOL_A domain of ORF42 showed that this
domain was also found to be closely related to 176R of CIV, a
homologue of DdRP, but with high identity to the same domain
in the eukaryotic DdPRs (Fig. 2). The most conserved fragment
was NADFDGDEMN, which existed in all the largest subunit
of DdRPs reported. In addition, TnAV-2c ORF24 also encoded
a sigma subunit of bacterial RNA polymerase. Sigma subunits
are responsible for the bacterial RNA polymerase to recognize
the promoter for binding prior to gene transcription initiation.
Whether the product of ORF24 has any role in TnAV-2c gene
transcription remains to be demonstrated.
Two homologues of helicase were identified in TnAV-2c
genome: ORF82 and ORF161. ORF82 matched very well in
size with the homologues in granuloviruses (GV) and shared
from 30% to 32% amino acid identities. ORF161 was a homo-
logue of DEAD-like helicase superfamily. The BLAST showed
ORF161 had a typical DEXDc domain and was a homologue of
022L in the CIV genome.
ORF135 was a homologue of S1P1 nuclease, which has
never been identified in other dsDNA viruses so far. S1P1
nuclease can cleave RNA and DNA with no base specificity.
Whether S1P1 nuclease is involved in the cleavage of the host
Fig. 2. Alignment of conserved domain RPOL_A of DdRP. The number of each sequence corresponding to the amino acid number of DdRP sequence was shown on
the left. Abbreviation and sequence GenBank accession protein GI: C.G.: Cricetulus griseus, 2443334; B.T.: Bos Taurus, 76635638; P.T.: Pan troglodytes, 55644917;
M.M.: Mus musculus, 58864815; H.S.: Homo sapiens, 45501363; T.T.: Tetrahymena thermophila, 89289685; C.I.: Coccidioides immitis, 90302589; A.F.: Asper-
gillus fumigatus, 70996164; TAV: TnAV-2c; CIV: Chilo iridescent virus, 861468.
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Thymidine kinase belongs to deoxyribonucleoside kinase
(dNK) family, which catalyzes the phosphorylation of deoxyr-
ibonucleosides to yield corresponding monophosphates
(dNMPs) (Wild et al., 1997). Previous reports showed that
TK proteins from ascoviruses were quite conserved, and the
protein sizes varied from 186 to 216 amino acids (Stasiak et al.,
2003). TnAV-2c had duplicate ORFs encoding thymidine
kinase. Although the size was similar to other ascoviruses, the
amino acid identities that they shared were low. The highest was
30% to SfAV-1a (Table 1).
Other ORFs encoded by TnAV-2c
As shown in Table 1, many other conserved proteins and
domains were detected in TnAV-2c genome. ORF71 was a
homologue of dehydrogenase's short chain. The putative
product had 57% amino acid identity to a bacterium Zymomo-
nas mobilis and covered 260 amino acids. This enzyme is
usually found in various kinds of living organism, but it is not
common to all families of large dsDNA viruses of eukaryotes.
The functions of this enzyme in the TnAV-2c genome remain to
be investigated.
It was interesting that there were 30 ORFs which had
different identities to single-cell protozoa, most of which were
parasites. Whether those ORFs reflected some evolutionTable 5
Major conserved repeat fragments in hr1 and hr2 of TnAV-2c genome
Name of the repeat Fragment sequence
P1 GAAGATTGTGATAATTTTATCAT
P2 GATGACATCACCATGAATACCA
TACGCATATGAACATT
P3 CTAATTTGCATACGAAATATTTT
GTCGCGACAAAACTTTATTTGG
ATTTGAATTC
a This fragment was within ORF73.
b This fragment was within ORF73.
c This fragment was within ORF73.relationship between the protozoa and ascovirus needs more
detailed bioinformatics studies.
BLAST showed that there were 12 ORFs which did not
share any amino acid similarity with current GenBank data-
base. Ten of them were equal or less than 100 amino acids in
size; the largest one was ORF 139, which had 156 amino acids
and was located upstream of the putative RNA polymerase
(ORF138).
Repetitive regions
The homologous regions (hrs) usually occur in baculovirus
genomes and have been demonstrated as cis-acting enhancers
of RNA polymerase II-mediated transcription and also as
putative origins of viral DNA replication in transient replication
assay (Landais et al., 2006; Rasmussen et al., 1996). In addition,
poxviruses, herpesviruses, adenoviruses, iridoviruses and retro-
viruses also have repeat sequences (Jancovich et al., 2003).
Ascovirus repetitive regions were also reported in some
fragments (Bigot et al., 2000). Two major repeat regions were
found in the TnAV-2c genome, designated hr1 and hr2 (Table 1;
Fig. 1), and they contained 3540 bp with an average G+C
content of 33.6%. Three major conserved repeat fragments (P1,
P2 and P3) were identified (Table 5), and those fragments were
interspersed in the two regions hr1 and hr2. Moreover, P3 repeat
contained a perfect palindrome (TTTTGTCGCGACAAAA),
and this palindrome was repeated ten times in the hr1 and hr2.Length (bp) Repeat times Positions (starting)
23 9 71,186 a 71,530
71,708 71,886
72,064 135,748
135,905 136,083
136,249
38 6 71,281 b 71,447
71,803 71,981
135,665 136,000
55 6 71,379 c 71,557
71,735 72,257
135,775 135,932
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Codon usage
To evaluate the degree of variation in codon usage between
the ascoviruses and CIV genomes, the codon frequency per
total number of codons from five genes was estimated. The
codon frequency comparison showed TnAV-2c codon usage is
more similar to the CIV than to SfAV-1a (Table 6). However,
the comparison of ENC values of five genes from SfAV-1a,
TnAV-2c and CIV revealed that there were considerable vari-
ations in codon usage bias among the viral genomes, and that
TnAV-2c codon usage bias was more similar to SfAV-1a than
to CIV (Fig. 3).
ENC is a very simple and effective way of measuring
codon usage bias (Wright, 1990). A gene where only one
codon is used for each amino acid would have a value 20;
while a gene with equal codon usage for every amino acid
would have a value close to 61. In general, ENC values of 35
or less are considered biased and genes with low ENC values
are restricted in the use of synonymous codons (Powell andTable 6
Comparison of codon usage of ascoviruses and iridovirus based on the partial genes
aa Codon SfAV1a b TnAV-2c CIVb
Ala gca 19/149 c 36/121 49/117
gcc 53/149 20/121 9/117
gcg 54/149 d 12/121 7/117
gcu 23/149 53/121 52/117
Arg aga 25/159 53/128 64/97
agg 21/159 9/128 9/97
cga 35/159 22/128 10/97
cgc 38/159 16/128 3/97
cgg 11/159 6/128 2/97
cgu 29/159 22/128 9/97
Asn aac 98/118 61/181 36/161
aau 20/118 120/181 125/161
Asp gac 106/155 28/169 27/141
gau 49/155 141/169 117/141
Cyc ugc 27/54 9/50 6/37
ugu 27/54 41/50 31/37
Gln caa 40/62 56/70 66/74
cag 22/62 14/70 8/74
Glu gaa 73/128 123/158 150/164
gag 55/128 35/158 14/164
Gly gga 26/122 36/135 73/130
ggc 32/122 7/135 5/130
ggg 8/122 6/135 2/130
ggu 56/122 86/135 50/130
His cac 32/46 17/59 2/48
cau 14/46 42/59 46/48
Ile aua 29/120 98/224 58/188
auc 60/120 46/224 14/188
auu 31/120 80/224 116/188
Leu cua 19/175 35/228 9/192
cuc 32/175 16/228 4/192
cug 52/175 18/228 2/192
a This comparison result was based three genes existing in SfAV-1a, TnAV-2c and
b The SfAV-1a and CIV sequences GenBank accession number were the same as
c The codon usage values were given in codon frequency per total number of cod
d The boldface letters indicated the highest codon usage value.Moriyama, 1997). Among the five genes compared in Fig. 3,
only the DNA polymerase and the RNase III genes from CIV
ENC values were lower than 35 (34.60 and 34.89, res-
pectively). Even though TnAV-2c and CIV shared almost the
same G+C contents, and the TnAV-2c G+C content was
lower than SfAV-1a (see Table 2), the ENC values of the five
genes from SfAV-1a and TnAV-2c showed no codon usage
bias (Fig. 3). This observation supported the phylogenetic ana-
lyses based on DNA polymerase and mcp gene, that was
TnAV-2c belonged to an early branch of ascoviruses of the
phylogenetic trees which suggested that TnAV-2c was dis-
tantly related to other lepidopteran ascoviruses including other
TnAV-2 variant such as TnAV-2d isolated from the same
region as TnAV-2c in South Carolina (Cheng et al., 2005).
In conclusion, here we reported the first complete ascovirus
genome sequence. The total sequence of the TnAV-2c also
confirmed the earlier claim of ascoviruses having a circular
genome (Cheng et al., 1999). Sequence analyses also revealed
that TnAV-2c was different from other reported ascoviruses by
comparing the available ascovirus DNA fragment sequences in
the GenBank. This genome sequence would be very helpful for
sequencing other ascovirus genome and it is also important ina
aa Codon SfAV-1a TnAV-2c CIV
Leu cuu 9/175 21/228 42/192
uua 21/175 71/228 110/192
uug 42/175 67/228 25/192
Lys aaa 74/143 148/208 192/226
aag 69/143 60/208 34/226
Met aug 72/72 83/83 56/56
Phe uuc 69/94 29/99 15/131
uuu 25/94 70/99 116/131
Pro cca 10/95 48/110 43/97
ccc 35/95 18/110 6/97
ccg 42/95 11/110 5/97
ccu 8/95 33/110 43/97
Ser agc 34/148 20/224 5/156
agu 17/148 43/224 30/156
uca 12/148 55/224 35/156
ucc 26/148 22/224 9/156
ucg 44/148 46/224 16/156
ucu 15/148 38/224 61/156
Thr aca 24/167 43/146 85/161
acc 64/167 37/146 18/161
acg 66/167 23/146 11/161
acu 13/167 43/146 47/161
Trp ugg 28/28 26/26 30/30
Tyr uac 82/113 50/119 23/124
uau 31/113 69/119 101/124
Val gua 27/201 52/176 49/155
guc 63/201 30/176 7/155
gug 82/201 37/176 12/155
guu 29/201 57/176 87/155
CIV: DNA polymerase, mcp, RNase III.
that in Table 2.
ons used for a specific amino acid.
Fig. 3. Comparison of ENC values of five genes from each SfAV-1a, TnAV-2c
and CIV. The bar with parallel lines, the bar with slanted lines and bar with gray
color represent SfAV-1a, TnAV-2c and CIV genes, respectively. ENC values
were calculated for the five genes. Dpol, DNA polymerase gene; mcp, major
capsid protein gene; ATPase, ATP synthase gene; tk, thymidine kinase gene;
RNase III, ribonuclease III gene. The GenBank accession numbers for SfAV-1a
and CIV are the same as shown in Table 2.
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Materials and methods
Virus propagation and DNA extraction
TnAV-2c was isolated from a single infected larva of H. zea
in South Carolina in 1996 (Cheng et al., 2005). The viruses
were propagated by using a mitten pin contaminated with
ascorvirus to puncture the pro-legs of third-to-fourth-instar
larvae of H. zea. Inoculated larvae were reared on artifi-
cial diets and at day 7 post-infection, larvae were bled to
collect hemolymph which contained virions in the vesicles.
Vesicles and virions were purified as described by Federici
and Govindarajan (1990a). Viral DNAwas extracted by CsCl
density gradient ultra-centrifugation as described previously
(Cheng et al., 1999).
DNA sequencing
The sequence was generated to sixfolds genomics coverage
by using the shotgun approach. Mechanically (nebulization)
sheared random DNA fragments (1.5–2 kb) were cloned into
pBluescript SK+ to construct an overlapping genomic library.
A total of 960 clones of the library were sequenced on both
strands by vector forward and reverse primers using BigDYE
Terminator v3.1 Cycle Sequencing Kits (Applied Biosystems)
on 96 well PCR plates with a MJ research PTC-100 cycler
following the protocols recommended by the kit supplier. The
sequenced data obtained from the PCR reaction were analyzed
on an ABI 3730 genetic analyzer. About 1900 sequencing
reactions were carried out. Twenty-six major contiguous se-
quences (contigs) ranging from 2 to 23 kb were assembled
with a DNA analysis program Sequencher (Version 4.6). Theobtained contigs represented the whole genome size (about
175 kb). A BamHI restriction fragment library in pGEM-4Z
(Promega) was used to confirm and close the gaps by
sequencing the ends of each insert fragment (Cheng et al.,
2003). The largest BamHI fragment (40.5 kb) as well as other
BamHI fragments which were missing in the pGEM-4Z library
was cloned into pINDIGO536 vector contained in pCUGIBacI
(Luo et al., 2001) for insert end sequencing and gap closing.
Some gaps were closed by cloning the PCR fragments
amplified with a pair of primers located at the ends of two
contigs into pGEM-T Easy vector (Promega) followed by
sequencing the inserts. To confirm the assembly of the entire
genome sequence, the predicted and actual restriction digest
patterns were compared (Cheng et al., 2005).
DNA sequence analysis
Genome sequence analyses encompassed genome composi-
tion, gene organization, repeated sequences, homologous
regions, codon usage and restriction enzyme patterns analyses
using Sequencher (Version 4.6) and LASERGENE programs
(Version 4.06, DNA STAR). Open reading frames (ORFs) were
searched by using Glimmer program (Version 1.02, TIGR), and
the ORFs were selected according to the following criteria: (1)
larger than 180 bp; (2) not contained within larger ORFs and (3)
no major overlap with the adjacent ORFs. Homology searches
and domain searches were performed by using Basic Local
Alignment Search Tool (BLAST) (blastp) in NCBI (Altschul et
al., 1997). The effective number of the codons (ENCs) for five
genes were calculated by the formulas described by Wright
(1990) and analyzed with CodonW online http://bioweb.
pasteur.fr/seqanal/interfaces/codonw.html.
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